Abstract Particulate matter concentration and assessment of its movement pattern is crucial in air pollution studies. However, no study has been conducted to determine the PM 10 concentration using atmospheric correction of thermal band by temperature of nearest dark pixels group (TNDPG) of this band. For that purpose, 16 Landsat Enhanced Thematic Mapper plus ETM? images for Sanandaj and Tehran in Iran were utilized to determine the amount of PM 10 concentration in the air. Thermal infrared (band 6) of all images was also used to determine the ground station temperature (GST b6) and temperature of nearest dark pixels group. Based on atmospheric correction of images using temperature retrieval from Landsat ETM?, three empirical models were established. Nonlinear correlation coefficient with polynomial equation was used to analyze the correlations between particulate matter concentration and the ground station temperature for the three models. Similar analyses were also undertaken for three stations in Klang Valley, Malaysia, using 11 Landsat ETM? images to show the effectiveness of the model in different region. The data analysis indicated a good correlation coefficient R = 0.89 and R = 0.91 between the trend of the result of temperature of nearest dark pixels group b6 -(GST b6 -GST) model and the trend of PM 10 concentration in Iran and Malaysia, respectively. This study reveals the applicability of the thermal band of Landsat TM and ETM? to determine the PM 10 concentration over large areas.
Introduction
Suspended particulate matters (SPM) in the atmosphere with solid and liquid physical states are produced by natural and anthropogenic sources. Sea salt from the oceans, volcanic eruptions, and windblown dust are from the natural sources. Anthropogenic sources consist of heat and power generation, motor vehicle exhaust, industrial processes, and open burning activities (Kaufman et al. 2002) . However, the atmosphere transformation processes such as NO X to nitrates (Wang et al. 2006) and SO 2 to sulfates (Quan et al. 2008) at urban and industrial areas may also cause SPM. The study of particulate matter (PM) is important because of its effects on human health (Adamson et al. 1999; Williams et al. 2003; WHO 2005) , atmospheric visibility (Seinfeld and Pandis 1998) , climate change (Haywood and Boucher 2000) , satellite imagery (Hadjimitsis et al. 2004; Hadjimitsis and Clayton 2008) , as well as the nutrient balance and acidity of soil (Yun et al. 2002; Odabasi and Bagiroz 2002) . The PM with sizes of less than 10 and 2.5 M 10 and PM 2.5 , respectively (Krewski et al. 2000) . The study of PM concentration and other atmospheric pollutants usually relies on spatial and temporal data series measured in ground station sites in cities and rural areas (Al-Saadi et al. 2005) . Ground site measurements entail high installation and maintenance costs. Furthermore, the data collected through these methods are reliable only within the spatial coverage of only a few meters around the station. High variability of air quality and scarce distribution of ground station sites impede mapping atmospheric pollution using ground monitor stations (Wald et al. 1999) . The major benefit of air quality monitoring by satellite sensors is that it yields accurate observation of data from small and large areas (Hadjimitsis et al. 2002) . In the last decade, spectral and angular or polarization properties of solar radiation by aerosol were utilised to design several satellite sensors to measure global aerosol concentration. Earth observation system-moderate resolution imaging spectrograph (EOS-MODIS) uses spectral properties (King et al. 1992) , EOS-multi angle imaging spectroradiometer (MISR) uses angular characteristics (Martonchik and Diner 1992) , while advance earth observing system ocean-polarization and directionality of earth's reflectance (ADEOS-POLDER) uses polarization measurements to measure aerosol concentration. The method for MODIS aerosol optical thickness (AOT) retrieval is based on dark surface targets in the blue and red channel and uses the 2.2 lm channel for their detection (Kaufman et al. 1997) . In this method, it has been assumed that the aerosol effect is negligible at 2.2 lm versus that at the blue and red channels. Previous studies on the relationship between MODIS AOT and PM in troposphere measured by ground stations (Chrysoulakis et al. 2003; Wang and Christopher 2003; Sohrabinia and Khorshiddoust 2007; Kampe 2008) , and MISR product and PM (Mazzoni et al. 2007 ) have been undertaken. Some of the limitations of using MODIS data include the big size of the MODIS pixel aerosol product (level 2 AOT product has a 10 km resolution), variation of correlation coefficients between MODIS product and PM concentration depending on the location (Chrysoulakis et al. 2003) , as well as weak correlation coefficients between MODIS product and PM concentration in some studies, e.g., R = 0.56 for Beijing (Ling-jun et al. 2007 ), R = 0.48 for Sydney (Gupta et al. 2007) , R = 0.46 for Sanandaj, Iran (Amanollahi et al. 2011b) , and R = 0.33 for Kuala Lumpur (Amanollahi et al. 2011a ). These results have led researchers to look for a more suitable satellite. Landsat Thematic Mapper (TM) band 1 with 30 m resolution was utilized to assess the air pollution in Athens by testing the correlation of the AOT and air pollutants (Retalis 1998; Retalis et al. 1999) . Hadjimitsis and Clayton (2009) determined the AOI via atmospheric correction for Landsat TM bands 1 and 2. This method was based on water vapor absorption that is negligible in Landsat TM as bands 1 and 2 (Kaufman 1989 ). In the last decade, some studies were undertaken to calibrate long wavelength (thermal infrared) of Landsat TM and Enhanced Thematic Mapper Plus (ETM?) which are used to determine the land surface temperature (Schott et al. 2001; Barsi et al. 2007 ). Schott et al. (2001) as well as Barsi et al. (2007) showed a 3 K temperature differences in the onboard calibration of Landsat ETM?. Barsi et al. 2007 calibrated the TM thermal band and found 0.7 K at 300 K temperature differences. The assumption of this study is that the calibration of the thermal infrared band of Landsat ETM depends on the amount of PM in the air. Thus, the objective of this study is to assess PM 10 concentration in Iran and Malaysia using the calibration of thermal infrared band of the Landsat ETM?.
Materials and methods

Study area
The study areas are located in Tehran and Sanandaj in Iran, and Petaling Jaya, Shah Alam, and Cheras, Malaysia.
Iran
Tehran is Iran's largest urban area and city ( Fig. 1d) and as the capital of Tehran province, it faces many serious air pollution problems. Every year, air pollution in Tehran is associated with deaths of many citizens (MHME 2010). In November, December, and January every year, the inversion phenomena over the city of Tehran increased air pollution density and in most cases air pollution reached alarming levels (MHME 2010). Consequently, the government declared public holiday in Tehran and citizens are advised to stay at home with doors closed (MHME 2010). Air pollution had incurred financial losses around $3.3 billion in the current Iranian calendar year. Sanandaj, the capital of Kurdistan province (Fig. 1c) , is located in the west of Iran (Fig. 1a) . In the last few years, Sanandaj has received dust storms from Iraq. Amanollahi et al. (2010b) showed that wind erosion in desert of Northern Saudi Arabia, Western Iraq, and Eastern Syria were responsible for dust storms in this area. The severe dust storms that occurred from 4 to 10 July 2009 increased the average values of PM 10 in Sanandaj from 107 to 2,976 lg m -3 on 3 and 5 July 2009, respectively (IDOE 2009). The maximum PM 10 concentration during this dust storm was 5,616 lg m -3 at 2 a.m. on 5 July 2009.
Malaysia
Petaling Jaya, Shah Alam, and Cheras are located in Klang Valley, Malaysia. Klang Valley is a part of Selangor, and is located in the central part of the west coast of Peninsular Malaysia (Fig. 1b) . Klang Valley covers an area of about 2,826 km 2 and it is geographically delineated by Strait of Malacca to the west and the Titiwangsa Mountains to the north and east, this region is located in a bowl-like topography. Malaysian climate is classified into the rainy season from October to January, and dry season from February to September regarding the amount of humidity, temperature, and rainfall (MMD 2009). Air pollution in Klang Valley is higher than other areas in Malaysia due to its geographical position, large-scale industrial and commercial activities, densely populated areas, and high vehicular traffic (EQR 2006) .
Data and image
The data utilised in this study are ground stations data of PM 10 concentrations and ground station temperature (GST); and the data retrieved from thermal band (band 6) of Landsat ETM? images (GST b6) ( Table 1 ) and temperature of nearest dark pixels group (TNDPG b6) retrieved from thermal band (band 6) of Landsat ETM? images (Table 1 ). The PM 10 data for Tehran were acquired from Urban Air Quality Assessment and Management (TM 2010) , and for Sanandaj were obtained from Iranian Department of Environment (IDOE 2010) . The GST data were provided from Iran Metrological Organization for both areas (IMO 2010) . PM 10 and GST data for Klang Valley were received From Malaysian Department of Environment (MDOE 2010) . The GST data which were acquired coincided with the Landsat satellite acquisition over the study areas. In order to obtain GST b6, the thermal band (band 6) of 8, 8, and 11 ETM? images were used for Tehran, Sanadaj, and Klang Valley area, respectively (Table 1) . Band 4 of all images was utilized for qualification of monitoring ground stations by linking the bands. Bands 5, 4, and 3 were used to show the true or false color (Fig. 1c,  d , e). Bands 6, 5, 4, and 3 of all images were rectified to UTM projection system (datum WGS84, zone 38°N, 39°N) for Iran and (datum WGS84, zone 47°N) for Malaysia and were georeferenced using nearest neighbor resampling algorithm (Li et al. 2009 ) based on a topographical map (1:25,000) from National Cartographic Center of Iran and Malaysia using 50 ground control points. The RMSEs for each band rectification were lower than 1 pixel.
Retrieval of GST b6 from Landsat ETM?
The DNs of pixel were converted to spectral radiance according to the sensor hand book (Landsat 7 Science Data User Hand Book 2010):
where L k = spectral radiance, QCal max = 255, QCal min = 1, QCal = DN, L max , L min = spectral radiance for band 6 at DN 255 and 1, respectively (W/m 2 ster lm). As a second step, Eq. (4) was used to convert the spectral radiance of pixel to black body temperature:
where T is the effective at satellite brightness temperature in Kelvin; K 1 = first calibration constant (W/m 2 ster lm) = 666.09, K 2 = second calibration constant in Kelvin = 1,282.7, and L k = spectral radiance (W/m 2 ster lm). The GSTs b6 of ETM? images were subtracted from 273.15 for converting the Kelvin to Centigrade (Xu and Chen 2004) .
Results and discussion
Relationship between wind speed and GST, GST b6, and PM 10
The assumption of the method is that the thermal value recorded at any pixel does not represent the true ground radiant temperature where part of the temperature is contributed by the atmospheric pollution (scattering and absorption) especially SPM. The wind speed may also affect the PM 10 concentration (Jonsson et al. 2004 ) and GST (Agarwal and Tandon 2010) which consequently may affect GST b6 retrieval from images. In order to gain a better understanding of the atmospheric condition during the time when the images were taken, the relationship between wind speed with GST, PM 10 concentration and GST b6 retrieval from images were analyzed using nonlinear correlation coefficient (NLCC) ( Table 2) .
The higher standard deviation (SD) in GST and GST b6 for Tehran compared to Sanandaj and Klang Valley was probably due to the seasonal differences. The minimum SD was obtained during winter (January) and the maximum was in summer (August) ( Table 1 ). The SD also may be affected by the thickness of vegetation cover which is low in winter and high in summer (Amanollahi et al. 2010a ). In contrast, in Sanandaj, the maximum and minimum amounts of GST and GST b6 were obtained in summer (August) and autumn (October) which were low. The high SD in PM 10 concentration over Sanandaj could be attributed to the dust storms from Iraq especially during summer (Amanollahi et al. 2011b ). This situation increased the PM 10 concentrations within a short period. In tropical Klang Valley, temperature is always between 20 and 36°C along the year which is similar to summer temperature. Thus, SD in GST and GST b6 was low. The correlation coefficients between wind speed with GST, PM 10 concentration, and GST b6 retrieved from images for all areas were low (Table 2 ) and positive. These results are in contrast with the finding of Jonsson et al. (2004) and Agarwal and Tandon (2010) which is probably due to the low wind speed and stable atmospheric condition during the image acquisition for all the study areas. On the other hand, the mesoscale wind produced by urban heat island increased the air pollution by circulated the pollutants in upward direction (Agarwal and Tandon 2010) . This result emphasizes the fact that any difference between GST b6 retrieval from images and GST is due to an interaction of earth surface radiation with atmospheric pollution, especially the PM.
Models development
The aim of atmospheric correction is to compensate the atmospheric effect to the image (Hadjimitsis and Clayton 2009) . Previous researchers used different ground targets for removing atmospheric effects on band 6 such as lake (Schott et al. 2001; Barsi et al. 2007 ) and rice crop (Coll et al. 2010) due to their high homogeneity. Schott et al. (2001) used water to increase the validation result of thermal calibration of Landsat ETM?. The qualities of water as a good thermal calibration are (1) thermal stability, (2) covering at least a few pixels, (3) a well-known emissivity, and (4) homogeneity (Schott et al. 2001 ). Three models were established to predict the PM 10 concentration in the atmosphere based on atmospheric correction method of b6 of the study areas (Table 3) . Pool in Eram Park for Tehran, Vhadat Lake for Sanandaj, and the retention ponds around the three stations in Klang Valley were used to determine the TNDPG b6 in the images. In order to make any model, the details of the parameters used in the model should be known. Thus, GST b6 is the function of three factors as follows:
where GST is the ground station temperature, AEEGS is the atmospheric effect on emission of ground station, and ES is the emissivity of station.
TNDPG b6 is the second parameter used in the models and is a function of three factors as follows:
where DPT is the dark pixel temperature, AEEDP is the atmospheric effect on emission of dark pixel, and ED is the emissivity of dark pixel which is 0.985 (Schott et al. 2001) . In order to determine the relationship between trends of satellite temperature and PM 10 concentration, three simple models were empirically established based on GST b6, GST, and TNDPG b6 (Eq. 5). The aim of the Eq. (5) is to clarify the atmospheric effect of both emissions including water and ground stations in the result. However, the ES and DPT are also other parts of the result.
where PMP is PM predication. Eq. (6) is based on the simple assumption that any differences between GST b6 and GST may be due to the atmospheric effects on emission of the ground stations and also shows the AEEGS and ES effects on the results.
The aim of Eq. (7) is to eliminate the ES which depends on the temperature, emission angle, and wavelength. For that purpose, the AEEDP and DPT of TNDPG b6 are subtracted from AEEGS and ES of GST b6.
For a closer consideration of the trend of PM 10 , the PM 10 data were divided into three groups of 0-50, 50-100, and 100 lg m -3 \PM. The results from the proposed method were undertaken for all the data collected in different areas in Iran and Malaysia separately. The trend ) in Sanandaj, Iran of NLCC for different amounts of PM 10 concentration depends on different models of GST retrieval shown in Table 3 for all the study areas. The lowest and highest NLCC values in the total result were obtained when (GST b6 ? TNDPG b6 -GST) model with PM 10 with 0-50 lg m -3 and TNDPG b6 -(GST b6 -GST) model with PM 10 with 0-50 lg m -3 were, respectively, used in the analysis (Table 3) .
The TNDPG b6 -(GST b6 -GST) model is found to be more reliable compared to the other models (Table 3) .
Correlation analyses were also performed to determine the relationship between the trend of different models results (Table 3) and PM 10 concentrations (Figs. 2, 3, 4, 5, 6) . The purpose was to determine the correlation between variables on different location. The PM 10 concentrations in Iran during the acquisition date in Sanandaj were higher than 50 lg m 23 and they were lower than 50 and 100 (lg m 23 ) in Klang Valley and Tehran, respectively. Therefore, the results of Table 3 for Iran in 0-50 lg m -3 and more than 100 lg m -3 of PM 10 show the correlation analysis for Tehran and Sanandaj, respectively. Then, correlation analyses were undertaken for PM 10 concentrations in 50-100 lg m -3 for both areas in Iran (Figs. 2, 3 ) and lower than 50 lg m -3 for three stations in Malaysia (Figs. 4, 5, 6 ).
The highest NLCC between different models of GST retrieval and PM 10 concentrations in 50-100 lg m -3 in Tehran was acquired when the GST b6 -(NDPT b6 -GST) model was used in the analysis (Fig. 2) . In Eq. (3), AEEGS and ES had no effect on the result. Moreover, the different value of AEEGS and ES in the Tehran stations (three stations) decreased the result of Eq. (1) compared to the result of this equation in Sanandaj (one station). This finding was confirmed by the result of Table 3 for Malaysia.  As Table 3 shows, the overall result for the data of the three stations in Eq. (1) was obtained low in Malaysia.
The highest NLCC values in three stations in Malaysia were obtained the same for situations in Figs. 2 and 3 when GST b6 -(NDPT b6 -GST) was used in the analysis (Figs. 4, 5, 6 ). This result emphasizes that the GST b6 -(NDPT b6 -GST) equation is more reliable than the other two equations to predict PM 10 concentration. Equation (3) can be useful to eliminate the sensor problem of Landsat ETM?. In Landsat ETM?, several lines of each swath are systematically replaced by simulated values (Hadjimitsis and Clayton 2009), which do not allow the researcher to classify the images. However, by determining the some GT point (depending on the study area size and assessment accuracy of study) and using the suggested method in this study, researchers will be able to remove the Landsat ETM? problem. Converting the result of PM 10 concentration for each point with their coordinate system in the Geographical Information System (GIS) allow the researcher to map the distribution of PM 10 concentration in the atmosphere, as Sohrabinia and Khorshiddoust (2007) with the help of GIS were able to map the distribution of different ground pollution data.
Conclusion
Distribution and amount of PM concentration in atmosphere have become the subjects of heated debate because of their effect on environment and human health. In this study, due to the limitations of MODIS products concerning PM, the thermal infrared band of Landsat ETM? was utilized to determine the PM 10 concentration. Sanandaj for its dust storms from Iraq and Tehran for its high population and industrial points were selected as the study areas in Iran. Three models of GST retrieval from images consisting of GST b6 ? TNDPG b6 -GST, GST b6 -GST, and TNDPG b6 -(GST b6 -GST) were used in the analysis. PM 10 concentrations were divided into three sections including 0-50, 50-100, and 100 lg m -3 \PM. In order to prove the result of empirical equations for other areas, three stations in the Klang Valley, Malaysia were chosen. Results showed that the highest NLCC were acquired when the trend of the result of TNDPG b6 -(GST b6 -GST) and the trend of PM 10 concentration in 50-100 and 0-50 lg m -3 were used in the analysis for Iran and Malaysia, respectively. The findings of this study led the researchers to conclude that thermal band of Landsat ETM? is useful and more reliable in determining its PM 10 concentration and investigating its distribution. Using this method and the GIS environment, researchers will be able to overcome the Landsat ETM? problem in thermal band about some swath with no DN.
